Abstract. This paper presents the energy based approaches developed to describe different aspects of fatigue. Different topics covered include fatigue crack initiation, crack initiation at a notch, multiaxial fatigue and fatigue crack propagation. Specific examples treated include, crack initiation at a notch, cracking at solder joint in electronic application, fatigue life estimation in a synthetic rubber and fatigue crack propagation in a metallic material.
Introduction
Energy based models have been used to describe different stages of fatigue damage. Historically speaking, the first energy based model was developed by Halford [1] , where he proposed a relationship between the hysterical energy dissipated per cycle to the life to failure. Such an approach has later been extended to cover fatigue life prediction under multiaxial fatigue [2, 3] .
The energy based life prediction models, have also been developed for notch fatigue [4] . With respect to fatigue crack propagation, the original energy based model was proposed by Weertman [5] . This model has later been modified to take into account the plastic energy dissipated in the plastic zone [6, 7] .
Recent studies have shown that fatigue life predictions can be successfully made for elastomers using appropriate models for dissipated energy [8] .This paper highlights the basics behind such models and proposes guidelines for future research.
Fatigue Crack Initiation
In one of the pioneering work, Tanaka and Mura [9] , proposed a dislocations based model for fatigue crack initiation based on dislocation mechanics. According to them, crack initiation life, Nc is correlated to the applied shear stress amplitude according to:
where, G is the shear modulus, Ws, the specific fracture energy per unit area,  the Poisson's ratio, d the slip band length,  is the average shear stress range on the slip band and k is the friction stress. this model has been recently extended into a muti-scale -mico-macro approach to fatigue crack initiation and crack propagation [10] . In practice ,empirical models based on energy are used for fatigue life to crack initiation and recent applications are encountered in the microelectronics field. Such models are the original Halford's model which is originally written as below: (2) Where, Win is the inelastic energy dissipated per cycle , N f the number of cycles to failure and  and  are material constants.
This expression is modified to separate the crack initiation and propagation parts [11] ;
(3c) Here, N o is the crack initiation life, da/dN is the crack growth rate, a the crack length ( typically a solder ball diameter) N f is the total fatigue life and Wmoy the average dissipated energy in the critical zone under consideration. Such models are used in microelectronic applications [12] .
Crack initiation at notch
The energy based approach to the important problem of crack initiation at a notch, was developed by Glinka [4] . This based on a specific relationship between the remote strain energy, Ws, and local strain energy, Wat the notch tip according to
Here S and e are remote stress and strain (considered to be elastic) and  and are stress and strain at the notch tip. Considering the definition of the stress concentration factor, K t , the following relationship is derived, when the notch tip behavior is elastic;
E is the Young's modulus of the material When local stresses in the elastic plastic regime, equation 4b is modified using an appropriate integral form of the material stress-strain law.
Equation (5) is assumed to be applicable when notch behavior is the elastic plastic regime and the following expression is derived for fatigue loading, represented by a remote loading amplitude S
K' and n' are materials constants representing cyclic stress-strain behavior. The notch tip stress amplitude is obtained by a numerical solution of equation (6) and the cyclic stress strain law,
The crack initiation life, Ni, is obtained by using the strain life relationship, according to
here  f' , b,  f', C are material constants determined from fatigue tests on smooth specimens in the long life and low cycle fatigue regimes. If the local loading is elastic, mean stress corrections are incorporated in equation (8) . However, even though Ni represents the crack initiation life, one does not know the size of the crack. Recent developments, include a short crack model, in which a crack life defect of the size of an inclusion is assumed to exist at the notch tip. The crack initiation life is 822 11th International Fatigue Congress in fact the propagation life of the small crack at the notch to attain a detectable size. Different crack geometries, such as an edge crack or a central crack have been incorporated [13] . Multiaxial Fatigue : Under Multiaxial fatigue loading, the energy density approach has been successfully applied, ever since the initial formulation by Garud [2] . In a recent study, a model has been developed for different cases of proportional and non-proportional loading under Tensiontorsion loading [14] .
As for the Glinka Model for fatigue at a notch, elastic and plastic loading cases are separately treated. Since energy is a scalar, the strain energy densities in tension and torsion are simply added. The total energy is separated in terms of elastic and plastic energies :
The elastic and plastic energies are separately estimated -for example for axial loading,the elastic part,We, is given by
H is the Heaviside function, (H = 0 for x<1 and H= 1 for x>0)
The plastic energy is given by
The super-skripts e end p in equations 9b and 9c represent elastic and plastic strains respectively.
A linear damage sum is used to predict fatigue life and acceptable correlation between predicted and experimental lives are obtained as illustrated in the fig.2 
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Figure 2 -Comparison of predicted and measured lives based on an energy based model [14]
Multiaxial fatigue of rubber : In an ongoing study, the author and coworkers, have developed a fatigue model for multiaxial fatigue behavior of Chloprene Rubber CR29 [8] . The energy parameters are obtained by model identification from specially designed tests. A large strain viscoelastic -kelvin-Voigt formulation along with a two parameter Mooney-Rivlin law is used for energy estimations. The energy is estimated numerically and also by hysteresis loop measurements under different tension-torsion loading situations. Figure 3 Fatigue lives in terms of energy parameters for Chloprene Rubber CR29 [15] It can be seen in fig.3 that an acceptable correlation coefficient of 0.74 is obtained from this model, while the correlation coefficients are much lower for a prediction using the first principal stress ( a value of 0.52 is reported in [15] )
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Fatigue Crack propagation The energy based model developed by the author is a modification of Weertman's model [5, 6, 7] In this model, the crack growth rate, da/dN is given by
where, da/dN is the crack growth rate per cycle,K, the stress intensity factor amplitude , the shear modulus of the material,  c , the critical stress at fracture U, the specific energy to create a unit surface and A, a constant
The specific energy term U, based on experimental studies in Aluminum alloys, is shown to exhibit two regimes. For K values greater than a critical K cr value, the specific energy is constant. K cr depends upon the load ratio and environment. For K > K cr , crack grows during each cycle by a striation mechanism, while for lower K values, crack grows step by step following a local damage process. This microscopic step corresponds to the minimum dislocation cell size in air and the inter -dispersoïde spacing in vacuum for the 2024 T351 alloy.
The specific energy behavior is shown in fig. 4a and fig.4b show the relationship da/dN and K 4 /U for the 2024 T351 alloy and an excellent correlation between these two parameters are obtained over 7 decades of growth rate for constant amplitude and post overload behavior. It has also been shown that this relationship is independent of the environment [6] . In the case of variable amplitude loading, under block loadings, two regimes have been identified. The energy estimations are made according to different procedures for each cases. The relationship between the growth rates and the energy dissipated (per cycle for constant amplitude tests and per block for block load tests) are given in figure 5 . It should be noted that at moderate growth rates when the specific energy is constant, a linear energy is obtained between da/d N and Q, the energy dissipated per cycle under constant amplitude test conditions. Fig. 5 shows that the relationship observed for Block load tests is similar to the one obtained under constant amplitude conditions, fig.5a ; whereas the same data expressed in terms of the maximum stress intensity factor Kmax, shows different trends for different test conditions, fig.5b , showing the versatility of the energy based approach. Conclusions and indications for future research This paper shows the versatility of the enrgy based approach for treating different aspects of fatigue. Future research may look into fatigue-creep interaction in terms of life to crack initiation. The notch fatigue problem can be refined to define the limits of the short crack model and the effect of low stress concentration factors. Multuaxial fatigue models cans be refined to look into purely random loads in different configurations. The crack growth model can be susbstantiated by using more robust plasticity models.
